Abstract-A stacking metal-insulator-semiconductor (MIS) solar cell structure, which integrates an n-type MIS solar cell with a p-type MIS solar cell, is proposed to effectively enlarge the open-circuit voltage (V oc ). The measured V oc is up to 0.71 V under simulated air mass 1.5 illumination (100 mW/cm 2 ). This V oc is larger than those of the n-type or p-type MIS solar cells with or without surface passivation. In this letter, we successfully demonstrate the feasibility of the V oc enhancement of MIS solar cells by using a stacking structure.
I. INTRODUCTION

M ETAL-INSULATOR-SEMICONDUCTOR (MIS) solar cells have drawn much interest for decades
- [12] , and various approaches, such as SiN x passivation [7] , [10] , have been reported to enhance their performances. In this letter, we propose a stacking MIS solar cell structure to effectively increase V oc by integrating an n-type MIS solar cell with a p-type MIS solar cell. Our experimental results show that this structure has potential to give high V oc and low shortcircuit current density (J sc ) with the same output power for reducing the electrical loss in MIS solar cell applications. Since silicon is an earth-abundant element and the fabrication process is a low-temperature process, MIS solar cells with high V oc also have great prospects in photoelectrochemical (PEC) water splitting for hydrogen generation [13] - [15] . Although the V oc of conventional MIS solar cells is not high enough to match the requirement for dissociating water (1.23 V) [13] - [15] , our proposed stacking MIS solar cell structure shows an effective way to enlarge V oc and has potential to achieve a V oc larger than 1.23 V. Based on the stacking structure, we believe that MIS solar cells are very promising for PEC water splitting and that monolithic MIS photovoltaic-PEC devices can be realized in the future for converting solar energy for hydrogen production. 
II. EXPERIMENTS
The proposed stacking MIS solar cell is composed of an n-type MIS solar cell as the top cell and a p-type MIS solar cell as the bottom cell with a tunneling junction in between. The structure is shown in Fig. 1(a) . First, an n-n + -p + -p sample was prepared by bonding an n-n + Si sample and a p-p + Si sample. Both sides of the n-n + -p + -p sample were thinned by wet etching. Since the n-n + -p + -p sample is too fragile for thickness measurement, the thicknesses are first roughly estimated by reference Si substrates using scanning electron microscopy. The thickness of the n-type Si substrate is about 90 μm and that of the p-type Si substrate is around 400 μm. The thickness of the n-type Si is designed to be much thinner than that of the p-type Si for current matching consideration. The optimal thickness 0741-3106/$26.00 © 2010 IEEE for the n-type Si is about 4 μm. Afterward, the sample was processed based on the optimized conditions obtained from the individual n-type and p-type MIS solar cells.
The thickness of the insulating layers affects the blocking efficiency of majority carriers and the tunneling probability of excess minority carriers; hence, it influences the potency of MIS solar cells. Although thermal SiO 2 [1] , [4] - [8] , [10] , chemical SiO 2 [2] , evaporated SiO x [3] , and SiO 2 using an anodization technique [12] have been used as ultrathin insulating layers of MIS solar cells, controlling the thickness of the insulating layers well is still difficult to achieve. To easily control the thickness, radio frequency (RF) magnetron sputtering is adopted to deposit the ultrathin SiO 2 layers. The thickness of the ultrathin sputtering SiO 2 layers is controlled by sputtering duration. The optimized values for the n-type and p-type silicon wafers are about 2 and 1 nm at 20 mtorr, respectively. A thicker sputtering SiO 2 insulating layer is required for the n-type MIS solar cell to suppress the larger tunneling probability of the majority carriers.
After depositing the insulating layers, the sample was annealed in hydrogen (H 2 ) atmosphere at 500
• C for 1 h to passivate the interface traps. Then, an Al film as a back electrode on the p-side and a semitransparent 20-nm-thick Au thin film layer and a Au front finger electrode on the n-side were introduced by thermal evaporation. The fabricated cell area of the stacking MIS solar cell is 0.2 cm 2 . The current density-voltage (J-V ) characteristics were measured using a Keithley 2400 source-measure unit. The photocurrent was measured under illumination from a solar simulator with an air mass 1.5 source (100 mW/cm 2 ). The high-frequency capacitance-voltage (C-V ) properties were measured by an HP 4284 precision LCR meter.
III. RESULTS AND DISCUSSION
The operation of the proposed stacking MIS solar cell is illustrated in Fig. 1(b) . The photons incident into the stacking MIS solar cell are absorbed by the top and bottom cells, and electron-hole pairs are generated. The holes in the top cell and the electrons in the bottom cell can transport to and tunnel through the ultrathin sputtering SiO 2 layer of each cell and then are collected by the electrodes. In addition, the electrons in the top cell and the holes in the bottom cell can diffuse to and tunnel through the n + -p + junction to recombine. The resulted V oc of the stacking MIS solar cell is given by the sum of the top and bottom cells. For this reason, the proposed stacking MIS solar cell can give a higher V oc than an individual n-type or p-type MIS solar cell and consequently have much more promising MIS solar cell applications.
The J-V curves of the proposed stacking MIS solar cell are shown in Fig. 2 . In the dark, it provides the nature of a diode. Under illumination, V oc = 0.71 V, J sc = 5.94 mA/cm 2 , filling factor = 58%, and efficiency = 2.47% are obtained. The J-V curves under illumination of an n-type MIS solar cell and a p-type one after optimization are shown in the inset of Fig. 2 . The V oc 's are 0.42 and 0.47 V for the n-type and p-type MIS solar cells, respectively. The measured V oc of the stacking MIS solar cell is larger than that of either an n-type or a p-type MIS solar cell. For comparison, the reported V oc of various MIS solar cells using different processes for insulating layers [1] - [5] , [10] , [12] are listed in Table I . Note that the V oc of our stacking MIS solar cell is superior to those of the n-type or p-type MIS solar cells with or without surface passivation. Since the actual thickness of the n-type Si in our stacking structure is hard to measure directly, we can estimate this thickness by the measured J sc of the stacking structure. From the J-V curve of the p-type MIS solar cell shown in the inset of Fig. 2 , we can roughly estimate that the thickness of the n-type Si is around 10 μm. This value is thinner than the one obtained from the reference Si substrate probably because of the inappropriate thickness estimation method and the effect of nonuniform etching during the thinning process. If we can further reduce the n-type Si thickness to around 4 μm for current matching, the J sc can be increased to 7-8 mA/cm 2 . The characteristics of the insulating layers play an important role in the V oc of the stacking MIS solar cell. For the n-type and p-type MIS solar cells with fixed ultrathin sputtering SiO 2 layer thicknesses (n-type with about 2 nm and p-type with about 1 nm) deposited under different working pressures with H 2 annealing, the relationships between the V oc and working pressure during deposition are shown in Fig. 3(a) , and Fig. 3(b) shows the C-V curves. For both MIS solar cells, a lower working pressure results in a larger V oc . At a lower working pressure, Ar + ions get more energy to sputter a SiO 2 target due to a larger mean free path. As a result, larger surface charges are introduced in the ultrathin sputtering SiO 2 layers on the Si wafers because of oxygen vacancies. Moreover, the deposition rates of the ultrathin sputtering SiO 2 layers increase with decreasing working pressure in our case. A higher deposition rate reduces the ion bombardment duration at the interface. As a result, less trap states are produced, and consequently, V oc is enlarged. Therefore, the C-V curves of the p-type MIS solar cells shift toward a more negative voltage with a lower working pressure. However, the voltage shift toward a more positive voltage is not so significant in the C-V curves of the n-type MIS solar cells because of the presence of oxygen vacancies and the requirement of a thicker sputtering SiO 2 insulating layer. This requirement causes a much longer ion bombardment duration than that of the p-type MIS solar cells, and then, more trap states are generated to decrease V oc .
From these results, we can conclude that the ion bombardment of RF magnetron sputtering has great influences on the interface properties and, thus, on the V oc of n-type or p-type MIS solar cells, which, in turn, will affect the V oc of the stacking MIS solar cell. Therefore, it is important to optimize the fabrication process, and further enhancement of V oc can be expected.
IV. CONCLUSION
In this letter, a MIS solar cell with high V oc using a stacking structure without surface passivation is demonstrated. The obtained V oc is up to 0.71 V, greater than those of the other reported MIS solar cells. In this letter, we successfully show that the proposed stacking structure is feasible to achieve large V oc . It is expected that the performance of the proposed stacking MIS solar cell can be improved by process optimization (such as interface quality after bonding), current matching (such as decreasing the thickness of n-type Si), and surface passivation (such as AlO x for n-type Si and SiN x for p-type Si). Therefore, the proposed stacking MIS solar cell has great potential in the future development of solar cells and PEC water splitting.
